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ABSTRACT
Flow-induced noise produced by expansion devices can be very disturbing to the user, especially when the device is
in the close vicinity of the occupants. This paper characterizes the relationship between flow-induced noise and the
flow regime, which may aid the design process of future geometry improvements of thermostatic expansion valves
(TXV). A refrigerant loop using pumped R134a with appropriate pre-conditioning sections to vary inlet and outlet
conditions is connected to a TXV and an automotive microchannel evaporator. The experiment is set up in a semianechoic chamber using microphones, accelerometer, and high-speed pressure transducers. Noise spectrum analysis
is performed using the Fast-Fourier-Transform method. Visual access is made through transparent test sections. To
the authors’ best knowledge, it is the first-time noise measurements have been linked with two-phase flow regime
information for TXV with an adjacent evaporator published in the open literature. A gurgling noise vibrating at 4.4
kHz and 6.0 kHz and a hissing noise at 10.3 kHz is observed. The gurgling noise mostly appeared in the wavy and
slug flow regimes, while the hissing noise appeared in all kinds of flow regime. The acceleration signal and
microphone signal matched each other perfectly, meaning that the acceleration signal could be used to simulate the
flow-induced noise. This paper also proposes some possible geometry improvements based on the results, which could
be applied to the industry after further experimental testing.

1. INTRODUCTION
Four kinds of noise exist in air conditioning systems: the noise induced by the mechanical movement of the
compressor, the flow-induced noise from the evaporator, the cavity noise from the A/C charge port, and the flowinduced noise from the expansion device. High-volume compressor noise is between 50 Hz and 200 Hz. Locating the
compressor away from the customer reduces its disturbance. Evaporator flow-induced noise is caused when the flow
is hitting the internal features of the evaporator. The noise peak of evaporator flow-induced noise appears within 5002000 Hz and differs regarding evaporator type (Thawani et al., 2005). A high pitch tone that appears following
compressor engagement is transient but audible. Turbulent flow causes shear-layer instability in the port cavity and
generates noise above 2000 Hz (Thawani and Liu, 2007).
Flow-induced noise produced by expansion devices can be very disturbing to the user, especially when the device is
in the close vicinity of the occupants. The thermal expansion valve in automobiles emanates flow-induced noise,
which occurs over thousands of Hertz. The most common refrigerant used in the automobile system is R134a, which
generates a flow-induced noise that has caused concern for decades. For one thing, the tube connected to the TXV
vibrates at its natural frequency when disturbed by the interior fluid (structural mode). For another, internal flow
oscillations generate acoustic modes within the tube. The coupling of structural modes and acoustic modes amplifies
the flow-induced noise.
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The flow regime of internal flow determines the type of acoustic modes formed inside the expansion devices. This
paper characterizes the relationship between the flow-induced noise and flow regimes. The results establish future
geometry improvements for thermal expansion valves (TXV).

2. THEORY OF TUBE PROPAGATION OF FLOW-INDUCED NOISE AND SOUND
EVALUATION
Noise propagation through a tube connected to a TXV is discussed in this section. After the TXV throttles the R134a
flow, the internal flow generates an internal traveling sound wave and excites the tube connected to the TXV into
vibration (as shown in Figure 1). Some plane waves are transmitted through the tube structure and arrive at people's
ears, and other plane waves formulate acoustic modes and couple with structural modes. Sharpness and loudness
evaluate the quality of flow-induced noise here.

Figure 1: Flow-induced noise propagates over the tube wall

2.1 Tube Propagation Theory
After being throttled, the internal flow can generate several acoustic modes. The flow-induced noise behaves as sound
pressure oscillations only after the acoustic modes exceed the cut-off frequency. In Figure 2, ten kinds of acoustic
modes would be generated by flow oscillation. In a general automobile air conditioning system with a typical tube
size, only the first two or three orders of acoustic modes exist (Rodarte et al., 1999). The cut-off frequency for each
acoustic mode is determined by equation (1) (Rodarte et al., 1999):
1

fco =

kp,q c(1-M2 )2

(1)

2π

Tubes have their natural modes of vibration that are called the structural modes. These are determined by the intrinsic
properties and geometries of the tubes. Good coupling between structural modes and acoustic modes amplifies the
flow-induced noise. Coupling these two modes first requires matching the mode order (n=p, such as (m,1) structural
mode can only couple with (1, q) acoustic mode). Then, the geometry starts to vibrate at the natural frequency, so that
the acoustic modes inside the geometry cannot be propagated until flow oscillations vibrate faster than the natural
frequency. The natural frequencies of the structural modes are determined by the vibration status and the geometric
properties, which are shown in equation (2) and equation (3) (Blevins, 1979):
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In this paper, the tube connected to the TXV is 0.13m long aluminum tube whose outer diameter is 12.7 mm. The
thickness of tube wall is 1.245 mm. The natural frequency of the (m,1) structural modes was about 9.8 kHz and 14.2
kHz, respectively. In a pumped R134a loop, the velocity of the flow is too small to be taken into consideration
compared to the sound speed. Therefore, the Mach number is zero. The cut-off frequency of the (1,0) acoustic mode
for this tube is about 8.6 kHz.
a.

b.

c.

Figure 2: Internal acoustic modes (Fig 2a) and structural modes (Fig 2b and Fig 2c) with sound wave disturbance
(Rodarte et al., 1999)

2.2 Signal Processing
The sound pressure level is a reference value to evaluate the amplitude of the sound pressure fluctuation. The value
of the sound pressure level is determined by the sound pressure and global reference value as equation (4) (Fastl and
Zwicker, 1999):
P
𝐿=20 log10 ( ) dB
(4)
P0

Here, P0 =20 μPa is the minimum sound pressure that can be heard by a human. When multiple noise sources exist,
including fan noise, heater noise, flow-induced noise in the TXV, and possible evaporator flow-induced noise, the
flow-induced noise in TXV should be extracted. The relationship between each source and the sum of the sound
pressure levels is defined in equation (5):
L1

L3

L2

Ln

Ls =10 log10 (10 10 + 10 10 +10 10 +…10 10 )dB

(5)

From a psychoacoustic analysis aspect, it is hard to describe people's feelings towards different sounds that cannot be
easily described by single properties. Within the human audibility zone, people are sensitive to sounds between 20 Hz
and 15.5 kHz (Fastl and Zwicker, 1999). Sharpness and loudness are the two main parameters used to evaluate noise.
Loudness is the benchmark parameter used to evaluate the amplitude of vibration and sharpness describes the tone of
the sound. The listener feels similar in a perceptual scale of sound, and the total audibility zone is divided into 24 bark
scales. The definition of loudness is defined in equation (6):
24Bark '
N (loudness)= ∫0
N (z) dz
(6)
A calibrated weighting coefficient for the sound sharpness within each bark scale is shown in Figure 3. When highfrequency noise occupies more composition within the sound signal, the sharpness of the sound increases (the
relationship can be seen in Figure 3). The definition of sharpness (Fastl and Zwicker, 1999) is shown in equation (7):
S (sharpness)=0.11∙

24Bark '
(

∫0

N z)g(z) z dz

24Bark '
N (z) dz
∫0

z<14 →g' (z)=1
{
' (z)=0.00012z4
z>14 →g
-0.0056z3 +0.1z2 -0.81z+3.51
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Figure 3: Bark scale and the weighting coefficient

2.3 Experimental Setup
In this experiment, a pump loop with R134a is used for circulation (as shown in Fig 5a and Fig 5b). An air-source
evaporator connected to a TXV at low-pressure side provides the superheat that controls the opening state of the TXV.
The fan at the back of the wind channel provides reverse air flow that goes through the evaporator. The entire set up
is located in a semi-anechoic chamber (as shown in Fig 4a), the evaporator and TXV were connected using three
visualization sections (as shown in Fig 4c). Two of the visualization sections locates at TXV’s backward position, and
another one locates at evaporator’s backward position. The inclined visualization part is used to visualize the flow
regime inside the inclined tube. Two horizontal visualization parts are used to visualize the flow regimes before and
after the R134a flow passing through the evaporator. The acceleration of the tube wall indicates the tube’s behavior
excited by internal flow oscillations; the accelerometer was installed in the normal direction (as shown in Fig 5c). The
acoustic modes generated by the flow were determined by the internal pressure field. The high-speed pressure
transducer can record pressure data over a wide frequency range so that internal flow oscillation is monitored. Three
types of measurements were monitored by the computer synchronously. The microphone was set up 5 cm from the
TXV in a downstream position. A summary of measured and calculated property uncertainties is provided in Table 1.
Table 1: Summary of measured and calculated property uncertainties
Thermocouple reading
(℃)
±0.5

Mass flow rate reading
(g/s)
±0.1

Pressure reading (kPa)

Quality (–)

±2

±0.005

A Fast-Fourier-Transform (FFT) method can transfer the signal from its original domain to the frequency domain at
the cost of half the sampling rate. The human audible range is from 20 Hz to 20 kHz, so that the sampling rate used
for measurements should be at least twice as much to cover the entire range. All three measurements had a sampling
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rate of 44.2 kHz to investigate the flow-induced noise. Thus, the spectral range for all signals was 22.1 kHz. The flow
regimes after being throttled change very fast, so that it is hard to visualize. In this paper, the flow regimes were
observed by a high-speed camera (as shown in Fig 4b). The testing conditions in this paper are shown in Table 2.
a.
b.
c.

Semi-anechoic
chamber

High-speed camera

Figure 4: Real experimental setup: testing components (Fig 4a), high speed camera (Fig 4b) and visualization part
(Fig 4c)
a.

b.

c.

Figure 5: Schematic of the facility (Fig 5a) and the sketch map of testing component (Fig 5b) and visualization part
(Fig 5c)
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Table 2: The testing conditions in this system
Case 1
600
0.11
8

TXV outlet pressure (kPa)
Quality of flow at TXV outlet
Mass flow rate (g/s)

Case 2
600
0.16
8

Case 3
600
0.2
8

Case 4
600
0.14
4

Case 5
600
0.4
4

Case 6
600
0.7
4

3. EXPERIMENTAL RESULTS
3.1 Flow-induced Noise Spectra with Multiple Flow Regimes
The structural modes of the aluminum tube started vibrating at 9.8 kHz. The gurgling noise started vibrating at 4 kHz,
with a peak frequency of about 6 kHz. The hissing noise peaked at about 10.4 kHz and above. The acoustic modes
that formulate gurgling noise could not be propagated by the structural modes of the tube wall. The sound waves
provided consistent pressure oscillations to the tube once the cut-off frequency was reached. The R134a flow oscillates
slower than cut-off frequency has more chance to attenuate as transmitting inside the tube. When the internal flow
oscillated at a frequency exceeding 9.8 kHz, the (1,1) structural mode and the (1,0) acoustic mode are all excited. The
lock-in relationship between flow oscillation and structure vibration exists within a certain range (in this case, 8.6 kHz
(cut-off frequency) < f < 11.8 kHz and 11.3 kHz < f < 16.9 kHz for (1,1) and (2,1) structural mode, respectively):
0.8 fm,n < f <1.2 fm,n

(8)

The resonance of the structure and fluid flow usually increases the flow-induced noise volume by 3 dB (Blevins and
Bressler, 1992). The hissing noise coupled with a tube wall and was propagated by the (1,1) structural mode, whose
volume was amplified.
The variation of momentum and pressure led to the excitation of the structure so that two-phase flow mostly caused
the flow-induced noise. As being observed from the visualization part, the gurgling noise appeared in the slug flow
regime and the wavy flow regime (as shown in Figure 6 and Figure 7). Several intermittent back and forth movements
can be seen from visualization part when a gurgling noise appears. A gurgling noise was expected as the result of the
back and forth oscillation of the flow and small vortices appearing in the flow. A hissing noise was a sharper noise
noticed in most of the flow regimes, therefore was a sharper noise that was influenced by flow and structure interaction.
a.

Flow Induced Noise Spectra (m=8g/s)
Sound Pessure Level/dB

80

10.4, 65.7
10.4, 58.1
10.8, 58.8

6.0, 53.9
6.0, 49.9
6.4, 39.7

70
60
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4.4, 49.2

40

4.4, 32.6

30

4.8, 28.7

20
10
0
0.3

0.7

Sharpness=6.5 at x=0.11

1.5

3.2
Frequency/kHz
Sharpness=7.4 at x=0.16

7.0

15.5

Sharpness=7.9 at x=0.2

17th International Refrigeration and Air Conditioning Conference at Purdue, July 9-12, 2018

2157, Page 7
b.

Case 1
x=0.11
Slug+SW
Gurgling and hissing

Case 2
x=0.16
Slug+SW
(thinner stratified flow layer)
Less gurgling and louder hissing

Case 3
x=0.2
Slug
Hissing

Figure 6: Flow-induced noise spectra (Fig 6a) and flow regime (Fig 6b) when m=8g/s
a.
12.8, 60.8

Flow induce noise spectra (m=4g/s)
Sound Pressure Level/dB

14.8, 70.9

10.8, 61.8
9.2, 73.9
10.0, 48.3

80
70
60

13.6, 43.7

6.0, 60.0

50

6.0, 27.4

40
30
20
10
0
0.3

0.7

Sharpness=7.4 at x=0.14

1.5

3.2
Frequency/kHz
Sharpness=5.6 at x=0.4

7.0

15.5

Sharpness=7 at x=0.7

b.

Case 4
x=0.14
Wavy
Intermittent hissing

Case 5
x=0.4
Wavy+Annular
Gurgling and hissing

Case 6
x=0.7
Semi-annular
Slight continuous hissing

Figure 7: Flow-induced noise spectra (Fig 7a) and flow regime (Fig 7b) when m=4g/s
From the data gained so far, the gurgling noise disappears when a semi-annular flow regime appears (as shown in
Figure 7). A possible explanation for this is that a small volume of liquid R134a was left after being throttled, and the
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flow oscillation was dominated by the vapor regime. A gurgling noise could hardly exist in the absence of liquid
R134a. The same phenomenon can be observed when m=8g/s (as shown in Figure 6), i.e., when quality increases, less
gurgling noise is generated. This hypothesis still needs to be tested further. When the mass flow rate within the system
is extremely low (as shown in Figure 7), a hissing noise with higher frequency appears. An apparent gurgling noise
showed up in case 5 when m=4g/s, the flow was moving at a very slow speed. Some fluid flow was observed moving
back to the TXV in this case so that the gurgling noise appeared.
The hissing noise can be mitigated by increasing the natural frequency of the (m,1) structural modes as the peak value
of the hissing noise appeared at about 10.4 kHz. When the natural frequency of the structure is higher than the peak
frequency of the hissing noise, the hissing noise should not be propagated by the tube wall. The sharpness of the flowinduced noise was dominated by the hissing noise. Decreasing the hissing noise helped with lowering the
psychoacoustic annoyance people feel. Adding tube wall thickness increased the natural frequency of the tube, so the
hissing noise was weakened by preventing the propagation of the (m,1) structural modes.

3.2 Similarity in Different Measurements
The low-frequency inflow pressure oscillation did not show up in the acceleration and microphone signal. The results
indicate that although low-frequency oscillation was generated within the tube, the acoustic power of these oscillations
begins to decay before transmitted into valid acoustic modes. Only the oscillations with enough acoustic energy finally
turned into acoustic modes that generated noise. The acceleration spectrum of the tube in a normal direction matched
the microphone spectrum perfectly. From the spectra (as shown in Figure 8), the flow-induced noise that was below
the cut-off frequency was not propagated by the structural mode.

Figure 8: Signal comparison of different measurements
It especially shows that the acceleration had a peak value of around 1 kHz (evaporator core noise), but the value of
the sound pressure attenuated. As stated in the introduction section, the 1 kHz noise should be induced by the
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evaporator’s sound wave of core noise decay during its transmission. The low-frequency flow-induced oscillation
tended to be weakened by the tube wall as the sound wave needed to be transmitted through the tube wall if not
propagated. According to this result, the acceleration signal can be used to simulate the flow-induced noise. In the
industry, the accelerometer can be very economical if used to replace microphone measurement. With the signal from
the accelerometer, a sound like flow-induced noise recorded by the microphone was created. Therefore,
accelerometers instead of expensive microphone devices can be used to study noise in the industry.

4. CONCLUSIONS
The gurgling noise was distributed within 4 to 7 kHz, while the hissing noise was distributed over 10 kHz. With a
12.7 mm aluminum tube, the natural frequency is 9.8 kHz, therefore the gurgling noise is not propagated. The gurgling
noise was the result of the back and forth oscillation of the flow and small vortices appearing in the flow, therefore
the gurgling noise appeared in the slug flow regime and the wavy flow regime. The hissing noise was more likely to
be influenced by flow and structure interaction, therefore it should be observed in most of the flow regimes. Adding
tube wall thickness increased the natural frequency of the tube (by increasing the tube wall thickness by 0.2 mm the
natural frequency for this case was 12.2 kHz) so that the hissing noise was mitigated by preventing the propagation of
the (m,1) structural mode. The acceleration spectrum of the tube in a normal direction matched the microphone
spectrum perfectly. Low-frequency flow-induced oscillation tended to be weakened by the tube wall, while the highfrequency flow-induced oscillation coupled with the structural modes. Therefore, the inflow pressure transducer signal
did not match the other two signals. Also, because of the tube propagation, the high-frequency flow-induced noise in
expansion devices are always noticeable.
This paper initially used visualization parts to observe flow regimes and measure flow-induced noise. The paper had
limited flow regimes, so the results are limited to a mass flow rate below 8g/s. Higher mass flow should be further
explored. In summary, this paper provides useful insight into flow-induced noise and the direction for geometry
improvements. For other types of the expansion devices, the research method in this paper is repeatable.

NOMENCLATURE
Symbols and Abbreviations
A
c
E
f
g'
h
k
l
L
M
N
N′
P
S
v
z
𝜌
λ

tube radius
speed of sound
modulus of elasticity
frequency
weighting coefficient per scale
tube thickness
wave number
length of the tube
sound pressure level
Mach number
loudness
loudness density per scale
sound pressure
sharpness
Poisson's ratio
bark scale number
density
dimensionless parameter associated
with a particular structural natural
frequency

(m)
(m/s)
(N/m2 )
(Hz)
(–)
(m)
(–)
(m)
(dB)
(–)
(dB)
(dB/Hz)
(Pa)
(acum)
(–)
(–)
(kg/m3 )
(–)

Subscript
co

cut-off
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i
ma
mi
m
n
o
p
q
s

interior
material
medium
axial mode shape number
circumferential mode shape number
exterior
acoustic diametral modal number
acoustic circumferential modal number
sum
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